SUMMARY
SUMMARY

High pressure and anaesthetic agents are mutual antagonists in intact animals, but antagonism is not observed in isolated nerve cells. In order to test the hypothesis that a neural network might display pressure-anaesthetic antagonism not found in simpler systems
The interactions between anaesthetics and hyperbaric pressure are of interest because of their mutual antagonism: high pressure increases anaesthetic requirement (pressure "reversal" of anaesthesia) [1] , and anaesthetics inhibit some components of the high pressure nervous syndrome, a group of symptoms including tremor and seizures. Previous studies have examined interactions between anaesthetics and pressure on evoked activity in isolated nerve and nerve-muscle preparations [2] [3] [4] [5] [6] [7] [8] [9] . The results have revealed several instances in which anaesthetics and pressure an in the same direction, particularly at excitatory synapses. The spontaneous rhythmic activity generated by the respiratory centres in the medulla is a more complex neural behaviour, relevant both to the fundamental effects of pressure and anaesthetics on neuronal processes, and to their effects on the intact organism. Furthermore, it offers the advantage of normal activity patterns among the interacting neurones, rather than the unphysiological frequency and synchronicity characteristic of external artificial stimulation. It is of interest, therefore, to see if there may be an unexpected interaction between anaesthetics and pressure on a network of interacting neurones that would not be predicted from results on simpler systems.
Because of its narrow cross-section and relatively low oxygen requirements, the isolated brain stem and spinal cord of newborn rats may be maintained in vitro for several hours [10] . In addition to reflex responses to stimulation of sensory roots, the preparation generates spontaneous rhythmic bursts of motor neurone activity in ventral spinal roots Ci and C 5 ; this pattern has been identified with ventilatory output [11] [12] [13] . Unlike various slice preparations, normal pathways and connections are preserved, while the isolated preparation is more accessible to experimental control and manipulation than are the respiratory centres in vivo. We have reported previously the effects of pressure alone on the ventilatory rhythm of the isolated brainstemspinal cord [14] : pressure (10.1 MPa) decreased the frequency of spontaneous ventilatory rhythm, reduced respiratory drive, and altered the influence of trigeminal nerve root stimulation from inhibitory to excitatory. The present study has examined interactions between hyperbaric pressure and anaesthetic agents.
METHODS AND MATERIALS
Rats 0-3 days old were anaesthetized with diethyl ether until loss of response to tail pinch was observed. The animals were decerebrated under anaesthesia by an oblique section through the cranium which severed the brain at the midcollicular level. The remaining portion of the skull and attached vertebral column were removed to a dish containing chilled oxygenated cerebrospinal fluid. After the dorsal bony covering and cerebellum were removed, the portion of the central nervous system from the posterior collicular level of the brain through the mid-thoracic level of the spinal cord was gently dissected free, with care taken to preserve cranial and cervical nerve roots [12] , and mounted in a superfusion chamber contained within the pressure chamber. The preparation was superfused constantly with oxygenated (95% oxygen-5% carbon dioxide) bicarbonate-buffered Ringer's solution of composition (mmol litre-1 ): NaCl 123, KC1 5, NaH 2 PO 4 1.2, CaCl 2 2.0, MgSO 4 1.3, NaHCO 3 26, glucose 30, at pH 7.3 and temperature 27 °C. The solution was equilibrated with the gas mixture outside the chamber and delivered to the bath by a high pressure pump at an exchange rate of 15-20 bath volumes min" 1 . Suction recording electrodes were placed on the cut ends of ventral spinal root C 5 , which gives rise to the phrenic nerve, and Q, which innervates some of the accessory muscles of ventilation. A very high proportion of motor neurones in these roots innervate the muscles of ventilation, and rhythmic activity recorded from them reflects ventilatory outflow [13] . Suction stimulating electrodes were placed on cranial nerve root V (trigeminal).
Spontaneous bursts of motor neurone activity were recorded from ventral roots C a and C s , and their frequency was determined. The area under the curve of a single ventilatory burst was plotted and measured by " Morphometer" software (Woods Hole Educational Association, Inc). Respiratory drive was defined as frequency of the spontaneous rhythmic activity multiplied by the mean area of the ventilatory burst. Delay between Ci and C 5 was measured as the time between beginning of the ventilatory bursts measured at the respective roots. In some experiments, trigeminal nerve stimulation, which inhibits respiratory drive, was used to examine differences between spontaneous ventilatory activity and activity modulated by sensory input.
Initial experiments showed that applications of pentobarbitone in the superfusate at concentrations up to 10 umol litre" 1 over the time required to achieve a steady state effect produced reversible depression of ventilatory rhythm. Prolonged application of higher concentrations produced irreversible depression. Equilibrium or steady state responses to pentobarbitone were obtained therefore by exposure to a single concentration of 5-8 (imol litre" 1 for 20-25 min. In order to examine the effect of pressure on the pentobarbitone dose-response relationship, dose-response curves for the effect of the drug on spontaneous frequency were constructed from brief (45-100 s) exposures, from which the preparation recovered fully. Frequency was measured over the last 25-30 s of exposure to pentobarbitone and compared with the frequency measured during the immediately preceding 2-3 min control interval.
Pressure was applied by admitting helium to the chamber to a pressure of 10.1 MPa. Measurements at pressure were made 20-25 min after the compression step. In the first part of the study, a dose-response curve to brief application of pentobarbitone was constructed at normobaric pressure, followed by washout and recovery. The pressure was then increased to 10.1 MPa, and the dose-response curve repeated (figs 1,2). In the second part, duplicate estimates of ventilatory responses were obtained in control conditions and following application of pentobarbitone 5-8 |imol litre * to steady state; the preparation was compressed, and duplicate measurements obtained at pressure in the presence of the drug (figs 3-5). Decompression measurements were attempted, but seldom successful.
In an experiment involving respiratory control, it is important to consider possible effects of the experimental conditions on oxygen and carbon dioxide tensions and on pH. Recorded activity monitored in the sealed pressure chamber at normal pressure resembled that reported in the literature [10] [11] [12] and remained stable for several hours. Helium pressure might exert several effects: physiological effects of helium itself, and pressure-associated changes in buffer ionization and gases in solution. The effects of helium in many studies appear to be primarily those of pressure, corrected by a small amount for the limited lipid solubility of this inert gas [1] . Bicarbonate buffer dissociation constants are pressure-sensitive, but 10.1 MPa would result in a change in pH of less than 0.05 [15] . As the perfusate is equilibrated at normal pressure and flows rapidly past the tissue, oxygen and carbon dioxide in solution around the preparation are independent of their partial pressures in the chamber. Their equilibrium pressures would be expected to increase by approximately 14% as a result of hydrostatic pressure at 10.1 MPa [16] .
Dose-response data for pentobarbitone at normobaric and hyperbaric pressure were analysed by ANOVA. Linear regression analysis was used to compare the slope of the pentobarbitone dose-response curve at normal and hyperbaric pressure. Steady state effects of pentobarbitone at 0.1 and 10.1 MPa were measured as change from the 0.1 MPa control, and compared by paired t test.
RESULTS
Properties of the isolated brain stem-spinal cord
The isolated medulla-spinal cord generates a spontaneous rhythmic discharge in motor neurones of the ventral roots which innervate the muscles of ventilation ( fig. 1 ). The rhythmic bursts, which are identified as output from ventilatory motor neurones, normally remain stable for several hours in the superfused preparation [12] . In a series of 15 preparations, the frequency of the ventilatory burst at 27 °C and 0.1 MPa averaged 7.5 (SD 0.4) bursts min" 1 in records from C 6 ; peak amplitudes recorded from C 6 averaged 190 (20) uV; mean duration was 173 (14) ms. In a series of 12 preparations, latency between Q and C 6 , which may govern coordination between the diaphragm and the accessory muscles of ventilation, averaged 78.2 (ll)ms. Calculating the respiratory drive as a product of burst area and frequency (Methods) yields a dimensionless number which, under normal experimental conditions, averaged 120 (31) in recordings from C 6 (n = 10). Stimulation of the V (trigeminal) cranial nerve in the isolated preparation at normal pressure depressed the frequency of the ventilatory rhythm to an extent governed by the stimulus frequency. This effect of trigeminal nerve stimulation may be related to the reduction in ventilatory drive produced by various types of facial stimulation, and may represent a component of the diving reflex [17] [18] [19] .
Effects of pentobarbitone on spontaneous rhythmicity
A previous study [14] reported that pressure reduced the frequency of the ventilatory rhythm. Brief applications of pentobarbitone at normo- baric pressure also rapidly and reversibly depressed the frequency of the rhythm throughout the exposure to pentobarbitone ( fig. 1 ) in a dosedependent fashion ( fig. 2) . At the steady state concentration of pentobarbitone 5-8 umol litre" 1 , there was a small reduction in amplitude of individual bursts ( fig. 3 ) and significant (P < 0.001) reductions in duration and in area. Respiratory drive was significantly (P < 0.01) reduced as a consequence (fig. 3 ). There were no effects of pentobarbitone on the latency between bursts recorded in C, and C 6 .
Effects of pressure on the actions of pentobarbitone
Pressure appeared to increase the sensitivity of the preparation to most of the effects of pentobarbitone. At 10.1 MPa, the effect of brief pentobarbitone applications was enhanced; the dose-response curve was shifted in the direction of greater inhibition of frequency without a change in slope ( fig. 2) .
Compression to 10.1 MPa in the presence of pentobarbitone produced additional reductions in frequency, area and drive ( fig. 3) . Duration of individual bursts was not changed further on Frequency of the bursts is depressed by pentobarbitone (P < 0.01) and depressed further by pressure (P<0.01). c: the duration of the burst was decreased by pentobarbitone (P < 0.001); pressure had no further effect on this variable. D: the area of the individual burst was decreased by pentobarbitone (P < 0.001); high pressure had a significant additional effect (P < 0.01). E: respiratory drive calculated as the product of area and frequency was depressed by pentobarbitone (P < 0.01) and pressure had a significant additional depressant effect (P < 0.05).
compression. Thus the spontaneous ventilatory activity of the isolated cord revealed either no interaction or additive depressant interactions between a barbiturate anaesthetic and pressure. There was no evidence of antagonism.
Stimulus-modulated ventilatory rhythm
When the effects of pentobarbitone and pressure on the stimulus-modulated ventilatory rhythm were examined, again no antagonistic effects appeared. Normally, stimulation of the V (trigeminal) cranial nerve root depresses the frequency of spontaneous bursts recorded from ventral roots C x and C 6 over the entire range of stimulus frequencies. Application of pentobarbitone 5-8 (imol litre" 1 altered the shape of the stimulus-response curve. At low stimulus frequencies (0.1-0.2 Hz), trigeminal nerve stimulation of the pentobarbitone-treated preparation increased rather than decreased burst frequency ( fig. 4 ). At greater stimulus frequencies (0.5-1 Hz), pentobarbitone had no effect ( fig. 4) . Compression to 10.1 MPa in the presence of the drug had no effect over the entire range of stimulus frequencies ( fig. 5) .
The above effects of trigeminal nerve stimulation were observed during prolonged (1-min) stimulus trains at low frequency (0.1-1 Hz). Brief (10-s) stimulus trains at greater frequency (10 Hz) were also used. Under normobaric conditions, such stimulation of the trigeminal nerve decreased ventilatory frequency by about 60%; the depressant effect decayed to baseline about 60 s after onset of the stimulus ( fig. 5A ). Pentobarbitone tonically depressed baseline ventilatory frequency as noted above; phasic stimulation of the trigeminal nerve produced a further depression. In the presence of pentobarbitone, the rate of decay of stimulus-induced depression increased, resulting in a transient overshoot on recovery ( fig. 5 B) . At 10.1 MPa in the presence of pentobarbitone, the spontaneous frequency was depressed further below control values; with phasic stimulation either it did not reduce further, or the rate of decay became too fast to monitor; a transient increase in frequency to greater than prestimulus values was the only effect observed following cessation of stimulation ( fig. 5 c) . In both cases the overshoot reached, but did not exceed, the control (pre-drug) frequency.
DISCUSSION
Use of the newborn preparation
There are several advantages of the isolated newborn spinal cord-medulla preparation: spontaneous and reflex activity remain stable over many hours in vitro; normal anatomical connections are preserved; environmental control and manipulation are simple. There are also disadvantages. At the newborn stage, synaptic , the response to stimulation of the trigeminal nerve was stimulus frequency-related decrease in spontaneous burst frequency. Pentobarbitone 5-8 umol litre" 1 changed the response to an increase at low stimulus frequencies (P < 0.05). The drug had no effect at stimulus frequencies greater than 0.2 Hz, and pressure had no effect in the presence of pentobarbitone. B: Experiments with pressure alone revealed a similar alteration in the direction of the response to low frequency stimulation at 10.1 MPa (P < 0.05 at 0.1-0.5 Hz). 1 , the rate of recovery increased and the frequency rebounded above the pre-stimulus value to the drug-free control value (dashed line indicates pentobarbitone-depressed spontaneous frequency) c: Compression to 10.1 MPa in the presence of pentobarbitone either abolished stimulus-induced depression or further increased the rate of recovery to a rebound value greater than the depressed pre-stimulus control (dashed line). The maximum frequency on rebound is again near the drug-free normobaric control value. Control values were measured over the 5 min preceding stimulation, the mean value converted to 100, and SD calculated as percent of the mean. Post-stimulus values were measured over the intervals indicated and expressed as percent of control; SD are omitted for the sake of clarity.
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connections in the rat are immature and extrapolation to the adult condition may be difficult. The rather low (27 °C) temperature used may raise concern, but this is the measured rectal temperature of newborn rats when not under the mother. The estimated anaesthetic concentration range for pentobarbitone is 100-600 umol litre" 1 [20] , although the sedative range may be lower. Both immaturity and low temperature may contribute to the somewhat greater sensitivity to pentobarbitone 5-80 umol litre" 1 of the newborn ventilatory output. The absence of sensory feedback in the isolated preparation, however, may be more important.
The rhythmic bursts of activity in ventral roots Q and C 6 are clearly identified with ventilatory output [12] . Ventral roots C 6 and C 4 contain the motor neurones of the phrenic nerve, and C t those of the accessory muscles of ventilation. Similar rhythmic activity may be recorded from the phrenic nerve itself and can be recorded from C, and C 6 in vivo. It is not seen in any nerves other than those supplying muscles of ventilation.
Effects of pentobarbitone and pentobarbitone-pressure interactions
The steady state effects of pentobarbitone 5-8 umol litre" 1 on spontaneous ventilatory rhythm at normal and hyperbaric pressure are summarized in table I, together with data on the effects of pressure alone taken from a separate study [14] . Pentobarbitone had highly significant depressant effects on both frequency and activity within a single burst, resulting in a reduction in total respiratory drive. The respiratory depressant effects of barbiturates in vivo are well known, and it is reasonable to assume that the results of the present study represent some of their in vitro correlates.
.Pressure alone exerted similar depressant effects on frequency and drive, but not on area [14] . In all cases, the depressant effects of pentobarbitone were greater at 10.1 MPa than at normal (0.1 MPa) pressure. The pressure used,. 10.1 MPa, is associated with pressure reversal of anaesthesia in animals. It is also in a range in which dyspnoea occurs with unchanged blood-gas tensions; the change in ventilatory rhythm observed at pressure [21] may be related to this effect. In the case of this complex neural behaviour, as in the case of simpler isolated nerve preparations [5, 9, 22, 23] , pressure and an anaesthetic appear to exert similar effects in the same direction rather than antagonism.
Pentobarbitone tended to decrease the inhibitory effects of trigeminal nerve stimulation on the ventilatory rhythm. As in the case of spontaneous rhythm, there was little suggestion of antagonism between pentobarbitone and pressure. Both converted the normal inhibitory response to Pentobarbitone has no significant effect at either pressure trigeminal nerve stimulation to an excitatory response. The effect of the drug at normobaric pressure appeared to be accompanied by an increase in rate of decay of the normal inhibition, leading to rebound excitation not normally observed. The rebound excitation was enhanced at hyperbaric pressure. Both pressure and pentobarbitone slowed spontaneous rhythm; the effect of the rebound following stimulation in each case was to restore the ventilatory frequency to, but not above, its normal spontaneous value. Pentobarbitone blocked additional pressure effects at the greater stimulus frequencies. This result is consistent with an additive effect of pressure and pentobarbitone on the same process.
Mechanism
The present experiments provide little insight into the mechanisms for the additive effects. Generation of ventilatory rhythm is a poorly understood process, even after intensive study over many decades. Components of the process may include intrinsic pacemaker oscillations in individual neurones of the respiratory centres, and excitatory and inhibitory synaptic connections among those neurons and between central respiratory neurones and the motor neurones innervating the muscles of ventilation [24] [25] [26] . Barbiturates have biphasic effects on generation of burst discharge in other oscillating nerve cells; at low concentrations they may increase the amplitude and duration of a pacemaker potential, suppressing it at high concentrations [27] . However, barbiturates may also limit burst discharge by increasing spike frequency adaptation [28] .
Pressure may decrease an intrinsic pacemaker oscillation frequency by slowing the kinetics of the currents responsible for its initiation and propagation [29] [30] [31] .
Both pressure and barbiturates depress fast excitatory synaptic transmission mediated by a variety of transmitters [4, 5, 32] . Both may act at least in part by depressing transmitter release [20, [33] [34] [35] [36] , suggesting a generalized depressant effect on synaptic transmission which may extend to the slower modulatory transmitter actions of both excitation and inhibition. With respect to pressure, most of the depressant effect can be accounted for by depression of transmitter release, and inhibition per se is equally depressed with excitation [8] . In contrast, barbiturates have differential postsynaptic effects on excitatory and inhibitory synapses, depressing the excitatory response and enhancing and prolonging GABAmediated inhibition at the chloride channel [20, [37] [38] [39] [40] .
Implications
With respect to pressure "reversal" of anaesthesia and anaesthetic inhibition of the seizure component of the high pressure nervous syndrome, anaesthetics and pressure act as antagonists in the intact animal. In dissected neural preparations, however, the basis for antagonism has proved elusive. Evidence for antagonistic interactions is scanty [41, 42] ; in many cases pressure and an anaesthetic act in the same direction [23, 43] . We have proposed a hypothesis that normally operating neural networks might support pressure-anaesthetic antagonism because by guest on November 4, 2016 http://bja.oxfordjournals.org/ Downloaded from of additive enhancement of facilitation and shortterm tetanic potentiation at excitatory synapses. If both pressure and anaesthetics enhance facilitation and potentiation, the result is to overcome the depressant effect of each on excitatory synaptic transmission [9] . Although pressure enhancement of facilitation and potentiation has been shown only in non-mammalian CNS preparations [44, 45] , anaesthetic enhancement of potentiation has been demonstrated in both invertebrate and mammalian nervous systems [46] .
The rationale for the present studies was that a spontaneously active neural network, rather than one driven by unphysiological stimulation, might exhibit pressure-anaesthetic antagonism. However, the medullary ventilatory oscillator-motor neurone pathway, in common with many simpler isolated neural tissues, exhibits only additive depressant effects of a barbiturate and high pressure. The more such examples are found, the greater becomes the likelihood that pressureanaesthetic antagonism is peculiar to the central nervous system circuitry that supports awake behaviour and high pressure nervous system seizures. Conversely, it becomes less likely that pressure "reversal" of anaesthesia is caused by direct pressure-anaesthetic antagonism at the molecular level.
